We study the reset dynamics of niobium (Nb) superconducting nanowire single-photon detectors (SNSPDs) using experimental measurements and numerical simulations. The numerical simulations of the detection dynamics agree well with experimental measurements, using independently determined parameters in the simulations. We find that if the photon-induced hotspot cools too slowly, the device will latch into a dc resistive state. To avoid latching, the time for the hotspot to cool must be short compared to the inductive time constant that governs the resetting of the current in the device after hotspot formation. From simulations of the energy relaxation process, we find that the hotspot cooling time is determined primarily by the temperature-dependent electron-phonon inelastic time. Latching prevents reset and precludes 2 subsequent photon detection. Fast resetting to the superconducting state is therefore essential, and we demonstrate experimentally how this is achieved.
3 absorbed photon will create a localized hotspot in the nanowire, which has a finite resistance, R d , that drives the bias current into the load, R L . The equivalent circuit for a device with a finite resistance hotspot is seen in Figure 1 (b). In the desired mode of operation, the SNSPD will selfreset to the superconducting state. This occurs because the hotspot cools quickly after the current is shunted out of the nanowire, so that R d abruptly returns to zero. The device current, I d (t), then exponentially returns to its initial value before photon absorption, I b , with a time constant of  r .
The equivalent circuit for this current return stage is shown in Figure 1 (c). Full reset requires a time of approximately 3 r so that I d (t) will be restored to approximately 95% of I b . This is necessary in order to have a high probability of detecting the next photon that is absorbed in the nanowire. 10 The maximum count rate is therefore the reciprocal of this full reset time, ≈ (3 r ) -1 .
The reset time can be reduced by increasing R L 10, 11 or decreasing L K [12] [13] [14] [15] . If  r is too small, however, the device will not self-reset but instead will latch into a finite voltage state where it is not sensitive to photons. In this article, we study the reset and latching dynamics of Nb SNSPDs using experiments and numerical simulations. We compare these results to our measurements of NbN SNSPDs, and to those of other groups. [1] [2] [3] [4] [9] [10] [11] Reset and latching have been studied in NbN SNSPDs. 11 The present study is the first to examine the reset and latching dynamics in Nb SNSPDs. 11 A Nb SNSPD has less kinetic inductance than a NbN SNSPD of the same geometry, however, Nb has a longer electron-phonon time than NbN. As will be shown, the kinetic inductance and the electron-phonon time both play a significant role in determining the reset dynamics, which makes this comparison instructive. This work should be relevant to understanding the limits on the count rates of SNSPDs made from other materials 5, 15, 16 The present work also explains our previously reported experimental results for Nb SNSPDs. 17, 18 (a)
II. Background
Models for the operation of NbN SNSPDs have been presented. 10,11,19 -21 
III. Devices Tested
The fabrication procedures for the Nb and NbN devices measured in this work are described in Refs. 18 and 24, respectively. All Nb nanowires were ≈ 7.5 nm thick, 100 nm wide and approximately 110 /square just above the critical temperature, T c . All NbN nanowires were ≈ 5 nm thick, 130 nm wide and approximately 900 /square just above T c . The devices studied had good (≈ 5%) detection efficiency for 470 nm photons and uniform line width; no significant constrictions were apparent. 25 The detection efficiency of these devices can likely be improved significantly by using optical structures designed to increase the absorption in the Nb film, as was done for NbN SNSPDs in Ref. 4 . A summary of the devices tested is given in Table 1 . The variation in T c , and therefore of I co , for the Nb devices appears to be due to variation in thickness between samples, which affects the superconductivity strongly because the devices are very thin. 15 The measurement setup is described in Ref. 18 and an equivalent circuit is given in Figure   2 
T T T j x y t x y t D T
where T e = T e (x,y,t) and T ph = T ph (x,y,t), are the electron and phonon temperatures, T o is the substrate temperature,  e-ph (T e ) is the electron-phonon inelastic scattering time, es is the escape time for phonons (equal to 40 ps in all simulations) 23 , D e and D ph are the electron and phonon diffusivities, C e (T e ) and C ph (T ph ) are the heat capacities of the electrons and phonons per unit volume, j d (x,y,t) is the current density, and  d (x,y,t) is the resistivity. In all simulations of Nb SNSPDs, we use e-ph (T e ) =  e-ph (6.5 K)(6.5 K/T e ) 2 with  e-ph (6.5 K) = 2.0 ns,
. 10, 29 For the electronic heat capacity, in the normal state we use C eN (T e ) = 5.8×10 -2 T e (J*cm -3 K -1 ), 27 and in the superconducting state we use [27] [28] [29] [30] where
The total current flowing through the device, I d (t), is determined by the readout circuit (Figure 2(a) ) and therefore obeys the equation:
.
which is obtained using Kirchhoff's laws, where R d (t) is the resistance of the nanowire and Figure 2 (a). The spatial distribution of the current density, j d (x,y,t), is determined by the spatially-dependent resistivity of the device,  d (x,y,t). If the coordinate system is oriented such that the positive x-axis is along the length of the nanowire in the direction of current flow, the total device current at position (x) for a wire of width w, and thickness d much smaller than the magnetic penetration depth, is given by:
which, by conservation of charge, must be equal at all points (x). The local resistivity,
will depend on the whether the point (x,y) in the material is in the superconducting or normal conducting state. In our model, the resistivity is defined by:
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where H is the Heaviside step function and  o is the normal state resistivity of the film. Thus,  d (x,y,t) is equal to zero or  o , depending on temperature and current density. Since only those sections of the strip at point (x) that are normal for all values of (y) at (x) will contribute to R d , it
follows that for a wire of width w,
where the normal length, l norm (t), is calculated numerically and is the length over which the resistive hotspot occupies the entire width of the wire. Typically, the maximum value of l norm is much less than the total nanowire length, l. 
with j c (T e = 0) determined for each device by equating the Ginzburg-Landau expression for
to measurements of I c (1.7 K) and setting j c = I c /wd. 29 As defined, the effective critical current is assumed to be independent of I d . Since the effective critical current is only determined by temperature, once the hotspot begins to cool below the critical temperature, I c (t) becomes a measure of the thermal relaxation of the highest temperature region of the hotspot. Thus, the time scale over which the critical current returns to near its equilibrium value is the hotspot thermal relaxation time,  c . This is the time required for hot electrons to return to near their equilibrium temperature, T o . We have implemented a numerical solution to these equations using MATLAB. 31 The device is represented by a two dimensional grid with longitudinal grid spacing x and transverse grid spacing y. At each grid point, the electron and phonon temperatures are defined. From these temperatures, all temperature-dependent quantities are defined. When a volume-dependent quantity such as the heat capacity is calculated, it is calculated over the volume of the cell centered at the grid point (x,y) where the volume of the cell is equal to dxy with typical grid spacing of x = y = 5 nm. The absorption of a photon is simulated by increasing the temperature of one grid point in one time step t such that
where (x o ,y o ) is the grid point where the photon is absorbed, h is Planck's constant, and f is the frequency of the photon.
V. Results
The detection cycle in an SNSPD, as illustrated by the simulations, can be divided into three distinct stages, labeled on the lower curve in Figure 2 does not cool quickly enough as the current begins to return to the device, the device will remain in (latch into) the resistive state. The measured latching pulse in Figure 2 (b) is for a single shot measurement. It has more noise than the measured self-resetting pulse because the self-resetting waveform displayed is an average of many pulses. The measured slow decay of I L (t) in the latching case for t > 5 ns is due to the ac coupling of the amplifier. This slow decay is not observed in the simulation, which assume a dc-coupled amplifier. been absorbed, the hotspot is growing and the current is transferring into the load; (iii) the hotspot resistance has returned to zero, and the current is returning to the device with a time
(c) numerical results for I c (t) (dashed lines) and I d (t) = I b -I L (t) (solid lines)
for I b = 5.0 (red) and 8.1 A (green); the latter shows the latching case. We find I latch = 7.1 A from these simulations. We note that I c as defined here can be finite even with R d > 0 because I c is calculated according to equation (7) and therefore only depends on the electron temperature, and not on I d . R d is calculated from the simulation according to equation (6) .
It is essential that I b be close to I co for high detection efficiency. 20 Thus, self-reset for I b ≲ I c is necessary for a device to have both a high count rate and high detection efficiency. In Figure   2 We now show that our numerical simulations agree with experimental measurements. In Figure 3 we plot the normalized latching current measured for several Nb SNSPDs versus  r = L k /R L . We also plot predictions for the latching current obtained by simulating devices with the same parameters as those measured. In addition to the measurements and simulations for Nb 15 devices, we also plot experimental measurements of the latching current in NbN devices, to provide a comparison of the two different materials. Each device has a different value of L K (see Table 1 ). We vary R L to change  r in both simulations and experiments. For Nb device (A) We find in experiments that a Nb SNSPD is much more sensitive to latching than a NbN SNSPD with the same area and value of R L . Still, we observe that NbN SNSPDs are also susceptible to latching, as discussed in Ref. 11 . A trend we observe for both Nb and NbN devices is that with larger kinetic inductance, a larger value of  r is required to achieve the same normalized value of I latch . For larger L K , the dissipated energy ≈ ½L K I b 2 is larger. For example, in A and is equal to 5.0 ns. For device (C)  c = 2.2 ns (not labeled).
VI. Conclusion
We have demonstrated that our microscopic model of the electron heating and cooling can predict the observed reset and latching behavior in a Nb SNSPD. Our simulations and measurements of Nb SNSPDs show behavior qualitatively similar to our measurements of NbN SNSPDs and to the results reported in Ref. 11 for NbN SNSPDs. In Nb SNSPDs, we find that the fast initial heating caused by the Joule dissipation of the energy stored in the kinetic inductance of the nanowire determines whether a Nb device will latch or self-reset. In Nb, latching occurs over a wider range of operating parameters than for NbN SNSPDs. This is due to the much larger electron-phonon time in Nb. Our model suggests that the maximum count rate for a Nb SNSPD with small L K (e.g., device (C)) is (3 c,min ) -1 ≈ 150 MHz. To achieve this count rate with device (C), however, a value of R L ≈ 7  would be required to prevent latching if I b is We find that the intrinsic timescale for cooling of the hot electrons is the electron-phonon inelastic time. This sets the lower limit to the reset time of an SNSPD. Thus, reducing the kinetic inductance helps only insofar as it reduces the inductive energy that is dissipated as the hotspot forms, which reduces the cooling time. Based on this conclusion, a NbTiN SNSPD, with a smaller kinetic inductance than a NbN SNSPD of the same geometry, 15 may have some advantages over NbN SNSPDs if the electron-phonon inelastic times are similar. However, even if an SNSPD were fabricated from a superconducting material with a shorter electron-phonon time than NbN, such as MgB 2 , the phonon escape time,  es , probably cannot be reduced significantly from its value for ultra thin NbN, where  es ≈ 40 ps. 33 Recently, new geometries that incorporate several nanowires in parallel have been explored. 34, 35 The added degrees of freedom for the current in these parallel topologies may allow for faster reset than standard singlenanowire meander-type detectors of the same detection area.
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